Ozanimod is a novel, selective, oral sphingosine-1-phosphate (1 and 5) receptor modulator in development for multiple sclerosis and inflammatory bowel disease.This randomized,double-blind,placebo-controlled,positive-controlled,parallelgroup thorough QT study characterized the effects of ozanimod on cardiac repolarization in healthy subjects. Eligible subjects were randomized to 1 of 2 groups: ozanimod (escalated from 0.25 to 2 mg over 14 days) or placebo (for 14 days). A single dose of moxifloxacin 400 mg or placebo was administered on days 2 and 17. The primary end point was the time-matched, placebo-corrected, baseline-adjusted mean QTcF ( QTcF). A total of 113/124 (91.1%) subjects completed the study. The upper limits of the 2-sided 90% confidence intervals for QTcF for both ozanimod 1 and 2 mg were below the 10-millisecond regulatory threshold. No QTcF >480 milliseconds or postdose change in QTcF of >60 milliseconds was observed. There was no evidence of a positive relationship between concentrations of ozanimod and its active metabolites and QTcF. Although ozanimod blunted the observed diurnal increase in heart rate, excursions below predose heart rates were no greater than with placebo. Results demonstrate that ozanimod does not prolong the QTc interval or cause clinically significant bradycardia, supporting ozanimod's evolving favorable cardiac safety profile. Keywords cardiac repolarization, inflammatory bowel disease, multiple sclerosis, ozanimod, thorough QT/QTc study Ozanimod is a novel, orally bioavailable bi-aryl oxadiazol that selectively and potently activates sphingosine-1-phosphate 1 and 5 receptors (S1P 1R , S1P 5R ).
Ozanimod is a novel, orally bioavailable bi-aryl oxadiazol that selectively and potently activates sphingosine-1-phosphate 1 and 5 receptors (S1P 1R , S1P 5R ). 1 It is an investigational drug currently in phase 3 clinical development for the treatment of relapsing multiple sclerosis (RMS) and moderate-to-severe ulcerative colitis and in phase 2 clinical testing for moderate to severe Crohn disease. Results of a 24-week phase 2 study of patients with RMS demonstrated that, compared with placebo, once-daily (QD) oral doses of ozanimod 0.5 mg and 1 mg resulted in significantly fewer gadoliniumenhancing T1 lesions and new or enlarging T2 lesions detected by magnetic resonance imaging. 2 In addition, a phase 2 trial of ozanimod in adults with moderate to severe active ulcerative colitis demonstrated that ozanimod 1 mg/day resulted in a significantly higher proportion of patients in clinical remission compared with placebo; this significance was achieved at week 8 and maintained through week 32 of treatment. 3 Ozanimod acts as a functional antagonist of the S1P 1R by promoting receptor internalization and degradation, resulting in a reduction of the number of circulating lymphocytes. 4, 5 The functional antagonism at S1P 1R on lymphocytes renders them insensitive to the S1P signal necessary for release from peripheral lymphoid organs, preventing them from contributing to autoimmune-mediated inflammation. 6 Ozanimod also demonstrates activity, albeit lower, at the S1P 5R , which supports oligodendrocyte progenitor process extension and survival 7 and contributes to blood-brain barrier integrity. 8 In addition to regulating lymphocyte movement, S1P receptors are important regulators of vascular tone, heart rate (HR), and cardiac repolarization. 9 Fingolimod, a nonselective S1P 1,3,4,5R agonist approved for treatment of RMS, can cause transient first-and second-degree atrioventricular (AV) blocks 10, 11 and prolongation of the corrected QT interval (QTc). 12 It has been postulated that this QTc effect may occur via activation of S1P 3R expressed in cells of the His-Purkinje fibers. 13 The potential for cardiac adverse events complicates the initiation of treatment with fingolimod and requires cardiac monitoring for at least 6 hours after the first dose. Bradycardia and first-and second-degree AV conduction blocks also have been reported for other S1P receptor agonists in clinical development for multiple sclerosis [14] [15] [16] [17] [18] [19] as well as prolongation of the QTc interval. 20 This emphasizes the ongoing need to develop therapeutic agents in this class with a more favorable cardiac safety profile. In comparison to fingolimod, ozanimod does not have affinity for the S1P 3R , which may signify important pharmacodynamic differences between these 2 compounds that impact cardiac safety and the effect on the QTc interval.
Ozanimod pharmacokinetics (PK) was characterized in healthy volunteers for single oral doses up to 3 mg and multiple oral doses up to 2 mg QD. 21 Following oral administration, the median time to maximum concentration (T max ) was approximately 8.0 hours. Ozanimod exhibited linear PK, with a dose-proportional increase in exposure and low to moderate intersubject variability; a high steady-state volume of distribution; a moderate apparent oral clearance; and an elimination half-life of 17 to 21 hours. 21 Ozanimod is eliminated primarily via biotransformation followed by biliary excretion. 22 Metabolism studies in animals identified 3 pharmacologically active metabolites (RP101988, RP101075, and RP101442) that have similar S1P selectivity and potency in vitro to ozanimod. 22, 23 The mean half-maximal effective concentrations toward S1P 1R for ozanimod, RP101988, RP101075, and RP101442 are 0.44, 0.19, 0.27, and 2.6 nM, respectively, and those toward S1P 5R for ozanimod, RP101988, RP101075, and RP101442 are 11.1, 32.8, 5.9, and 171 nM, respectively. The chemical structures for ozanimod and its active metabolites are shown in Figure 1 .
A dose-dependent, negative chronotropic effect has been reported for S1P receptor modulators. However, this negative chronotropic effect may attenuate over time secondary to S1P desensitization on atrial myocytes. 24 In the ozanimod first-in-human, singleascending-dose and multiple-ascending-dose studies, a transient, dose-dependent decrease in HR was observed; however, introducing a gradual dose escalation of ozanimod over several days helped to mitigate against larger reductions in HR. 22 The use of a dose-escalation regimen has been carried forward into ozanimod phase 2 and 3 clinical trials. 2, 3 This cardiac safety study was conducted to examine the effects of therapeutic and supratherapeutic doses of ozanimod on cardiac repolarization and HR according to the E14 Guidance of the International Conference on Harmonisation. 25 The primary objective was to assess whether exposure to ozanimod 1 mg or 2 mg in healthy subjects increased the QTc interval compared with placebo. The secondary objectives were to evaluate the PK of ozanimod and its active metabolites, to assess the safety and tolerability of ozanimod, and to demonstrate assay sensitivity using a positive control (moxifloxacin). An additional study objective was to monitor HR during the dose-escalation period.
Methods

Study Design and Subjects
The study was approved by an institutional review board (IntegReview, Austin, Texas) and was conducted in accordance with principles set forth in the Declaration of Helsinki and all applicable regulatory requirements. All subjects provided written informed consent before participating in any study procedure. The study was conducted at ICON Development Solutions LLC (San Antonio, Texas) between October 2012 and March 2013.
This phase 1, single-center, randomized, doubleblind, placebo-controlled, positive-controlled, parallelgroup with nested crossover for positive control, thorough QT (TQT) study was conducted in healthy adult subjects. Eligible participants were healthy men and women aged 18 through 45 years with a body mass index of 18 to 29 kg/m 2 and body weight of at least 50 kg. Subjects were determined to be in good health by review of their medical history, physical examination, 12-lead electrocardiogram (ECG), and clinical laboratory tests. Excluded from participation were subjects who had ECG abnormalities, known cardiovascular disorders, a supine HR outside 55 to 90 beats/min (bpm), or Fridericia-corrected QT (QTcF) 26 interval of <320 milliseconds and >450 (men) or >470 milliseconds (women) at screening. Women could not be nursing or pregnant.
The study consisted of a screening period of up to 28 days before dosing, a 1-day baseline evaluation, a 14-day treatment period, a washout period, and a follow-up visit at least 14 days after the last dose of ozanimod or placebo (Figure 2 ). Eligible subjects checked into the clinical research unit on day −2 and remained in the clinical research unit until discharge on day 19. On day −1 (baseline), a continuous 24-hour baseline 12-lead ECG profile was obtained using cardiac telemetry. On day 1, subjects were randomized (1:1) to 1 of 2 treatment groups. In group 1, ozanimod was administered orally, QD, using a 14-day doseescalation regimen of 0.25 mg for 4 days, 0.5 mg for 3 days, 1 mg for 3 days, and 2 mg for 4 days. On days 2 and 17, a single dose of moxifloxacin placebo also was administered. Under the nested crossover design, 27 subjects in group 2 received ozanimod placebo QD for 14 days and were randomized (1:1) to receive a single dose of moxifloxacin 400 mg or placebo, alternatively, on days 2 and 17. The reasons for incorporating the nested crossover for the positive-control moxifloxacin were to provide confirmation of assay sensitivity at the start and the end of the study, as discussed with the US Food and Drug Administration, and to allow a more efficient study design involving only 2 arms (and half the subjects) compared with the conventional 4-arm TQT design. Ozanimod 2 mg served as the supratherapeutic dose in this TQT study, as it represents approximately 4-and 2-fold multiples of the anticipated ozanimod exposures of the 0.5-mg and 1-mg QD regimens, respectively, currently being evaluated in ongoing development programs. All subjects were to have fasted Figure 2 . Study design. The ozanimod group also received moxifloxacin placebo on days 2 and 17. Within the placebo group, subjects were randomized (1:1) to receive a single dose of moxifloxacin 400 mg or placebo on days 2 and 17. CRU indicates clinical research unit; HR, 24-hour cardiac telemetry for heart-rate analysis; MXF, moxifloxacin (positive control); MXFa, MXF active (400 mg); MXFp, MXF placebo; QT, 24-hour telemetry for QT assessment.
for at least 10 hours before baseline ECG profiling and for 10 hours before dosing on days 1 to 14 and day 17. Discontinuation of a subject from the study was to be considered in the case of the following during treatment: an increase in QT/QTc interval to >500 milliseconds and/or of >60 milliseconds over baseline, any evidence for ventricular or supraventricular arrhythmia with or without hemodynamic compromise or any advanced AV block, or symptomatic persistent bradycardia <35 bpm that required medical intervention.
Study Assessments
Electrocardiograms. ECGs were obtained continuously using 12-lead Holter devices (H12+, Mortara Instruments, Milwaukee, Wisconsin) on days -1 (baseline), 2 (first moxifloxacin vs placebo assessment), 10 (ozanimod 1-mg assessment), 14 (ozanimod 2-mg assessment), and 17 (second moxifloxacin assessment). Triplicate ECGs were extracted at 0, 1, 2, 3, 4, 6, 8, 12, and 24 hours (time-matched to post-dose samples on dosing days). On days 2, 10, 14, and 17, extractions were performed at similar time points. Additional extractions were performed at 48, 72, 96, and 120 hours after day 14 dosing. Continuous 12-lead ECGs were obtained using the Surveyor Central System (Mortara Instruments) and were analyzed (blinded) by a central ECG core laboratory (Bioclinica, Inc, Princeton, New Jersey) using a computer-assisted (semiautomated) methodology with manual overread (adjudication).
The 24-hour telemetry monitoring for heart-rate characterization was performed on the days of each dose increase (ie, days 1, 5, 8, and 11). Minute-byminute telemetry data were processed to derive hourly mean heart-rate data, except for baseline; baseline for the heart-rate assessment was defined as the 15-minute average HR prior to dosing on each day.
Safety and Tolerability. Safety and tolerability were assessed by collection and analysis of adverse events, vital signs, clinical laboratory results, ECGs, and continuous 24-hour cardiac telemetry. Orthostatic blood pressure changes were performed (supine blood pressure first, followed by standing blood pressure after 2 minutes of standing) each hour for the first 6 hours after receiving study drug on days 1 and 5. A sudden, significant fall in blood pressure (>20 mm Hg) 2 to 5 minutes after standing from the supine position was interpreted as orthostatic hypotension. Adverse events of special interest were prespecified based on previous clinical results with the S1P receptor agonist fingolimod 10, 11, 28 and the ozanimod first-in-human study 21 and included bradycardia, heart conduction abnormalities (eg, AV block of second degree or higher), infection, increases in liver transaminases, and changes in pulmonary function. For identifying adverse events related to changes in pulmonary function, pulmonary function tests (including forced expiratory volume at 1 second and forced vital capacity measurements) were performed at screening and at the follow-up visit; additional pulmonary function tests were to be conducted for subjects who developed respiratory symptoms during the study.
Pharmacokinetics. Blood samples were collected on days 2, 10, 14, and 17 at time 0 (predose) and at 1, 2, 3, 4, 6, 8, 12, and 24 hours postdose. Additional blood samples were obtained at 48, 72, 96, and 120 hours after the last ozanimod dose on day 14. Plasma moxifloxacin concentrations were measured only if QTc assay sensitivity failed. Plasma concentrations of ozanimod and its active metabolites (RP101988, RP101075, and RP101442) were determined by a bioanalytical core laboratory (ICON Development Solutions, LLC, Whitesboro, New York) using a validated liquid chromatography-tandem mass spectrometry assay. Ozanimod and its metabolites were extracted from 0.4 mL K 2 EDTA human plasma by liquid/liquid separation (methanol/water/methyl tert-butyl ether). Chromatographic separation was achieved on a Waters Acquity UPLC system, running a gradient composed of 0.1% formic acid in water and 0.1% formic acid in methanol at 0.350 mL/min through Waters Acquity UPLC HSS T3, 2.1 × 5.0, 1.8 μm guard column and 2.1 × 100 mm, 1.8 μm analytical column. Quantification was achieved using ratios of analyte peak area to internal standard peak area. Concentrations of the calibration curve standards, quality control samples, and study samples were determined by the method of weighted least-squares linear regression (1/x 2 ). The bioanalytical method was validated over concentration ranges of 4.0 to 2000 pg/mL for ozanimod and RP101075, 16.0 to 4000 pg/mL for RP101988, and 8.0 to 4000 pg/mL for RP101442. The interassay precision values were ࣘ5.57% for ozanimod, ࣘ6.22% for RP101988, ࣘ9.57% for RP101075, and ࣘ4.98% for RP101442. The accuracy (percentage bias) values ranged from −4.19% to −3.30% for ozanimod, −2.88% to 2.08% for RP101988, −4.17% to −0.10% for RP101075, and −3.75% to −1.00% for RP101442.
For the plotting of mean plasma concentration-time profiles, drug concentrations that were below the lower limit of quantification (LLOQ) of the assay were replaced with 0 and included as such in the calculation of the mean values at that particular time point (LLOQ was 4 pg/mL for ozanimod and RP101075, 8 pg/mL for RP101442, and 16 pg/mL for RP101988). The PK parameters of ozanimod, RP101988, RP101075, and RP101442 were estimated using actual PK sample collection times; noncompartmental analysis was performed with Phoenix WinNonlin, version 6.2.1 (Pharsight Corp, St Louis, Missouri). The following PK parameters were derived: maximum observed plasma concentration (C max ); minimum observed plasma concentration; time to C max (T max ); area under the plasma concentration-time curve during the dosage interval; and elimination half-life (t 1/2 ; day 14 only).
Statistical Methods
Sample Size Determination. The planned sample size (120-132 total subjects) was based on the assumption that the true QTcF prolongation of ozanimod relative to placebo was 3 milliseconds at each of the 9 time points from 0 to 24 hours. The power to achieve an upper bound below the noninferiority margin of 10 milliseconds for the 95% 1-sided confidence interval (CI) for the placebo-adjusted change from baseline treatment effect at all time points was estimated to range from 74% to 97%, depending on the correlation between the time points. The minimum power of 74% was based on the assumption of complete independence between the time points. The moxifloxacin QTcF mean effect was expected to be at least 12 milliseconds at its highest point. 29 For such an effect, with the above sample size, the power to show superiority (ie, that the lower bound of the 95% 1-sided test of the observed maximum difference was significantly greater than 5 milliseconds) was approximately 97%.
ECG Primary Analysis. The QT:RR relationship was investigated on an individual subject basis. The performance of 2 standard methods for correcting QT for RR, Bazett and Fridericia, was investigated. For each subject, using data from the drug-free baseline profile day only (day −1), ln(QT) was regressed against ln(RR), and the slopes of the fitted regressions were retained. The median of these fitted slopes (across all subjects) was denoted as λ and was used to define the study-specific correction factor, QTcSS = QT/RR λ . Validation of the primary end point QTc variable was performed using the same subset of the data (ie, baseline profile day only), by regressing the standard QTc intervals, QTcF and QTcB, against RR in a similar way (after natural log transformation). If the correction successfully removed the association of QTc with HR the average slope of these regressions should have been close to 0. To test this (separately for QTcF and QTcB), the median slope across all subjects and its 95%CI were derived. The CI for the median was calculated using the binomial-based method described previously. 30 If the 95%CI derived from QTcF included 0, QTcF would be deemed suitable for this study. However, if this CI excluded 0, QTcSS was to be used as the primary end point instead (and QTcF would become a secondary end point).
The time-matched differences in change from baseline (day −1) in QTcF interval for ozanimod vs placebo ( QTcF) were calculated using analysis of covariance, separately at each time point, with baseline QTcF as the covariate and with sex and study group as factors. Absence of effects of ozanimod on cardiac repolarization was to be concluded if the upper limit of the 1-sided 95%CI (or the 2-sided 90%CI) for QTcF was below 10 milliseconds at all time points. These analyses were done separately for the therapeutic dose (day 10 at 0, 1, 2, 3, 4, 6, 8, 12, and 24 hours) and the supratherapeutic dose (day 14 at 0, 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, 96, and 120 hours postdose). At each time point triplicate ECGs were extracted, and the mean value was used for statistical analysis.
For the purpose of demonstrating assay sensitivity, the QTcF data from the time points at 2 and 3 hours were averaged so that only 1 analysis was used for the assessment of assay sensitivity, and no multiplicity correction was required. This analysis used data from group 2 only, regarded as a crossover design with placebo and moxifloxacin as the treatments. The analysis of variance model included treatment (moxifloxacin or placebo), period, and subject as categorical factors. Assay sensitivity was to be deemed as demonstrated if the lower limit of the 1-sided 95%CI for the difference between moxifloxacin and the placebo group was above 5 milliseconds. In the event that assay sensitivity was not demonstrated with this analysis, sensitivity analyses using different definitions of baseline were also to be presented. In addition to the analysis of the average over the 2-and 3-hour time points, analyses at each individual time point (1, 2, 3, 4 , 5, 6, 12, and 24 hours) are also presented.
All statistical analyses were performed using SAS software, version 9.1.3 (SAS Institute, Cary, North Carolina).
Heart-Rate Analysis. Minute-by-minute telemetry data were processed to derive hourly mean heart-rate data except for the daily predose means, which were based on data over a 15-minute sampling period performed prior to dosing. The daily minimum hourly HR was calculated for each subject. Hourly heart-rate and daily minimum heart-rate data were summarized and presented by treatment group. Frequency tables for the daily minimum hourly HR were presented using the following HR categories: ࣙ65 bpm, ࣙ60 to <65 bpm, ࣙ55 to <60 bpm, ࣙ50 to <55 bpm, ࣙ45 to <50 bpm, ࣙ40 to <45 bpm, ࣙ35 to <40 bpm, and <35 bpm.
ECG Categorical Analysis. Absolute QTcF values that exceeded 450, 480, and 500 milliseconds as well as QTcF increases from baseline that exceeded 30 and 60 milliseconds were summarized using the frequency count and the percentage of subjects in each category. Frequency tables were restricted to the ECG assessment on days −1 (baseline), 10 (therapeutic dose), and 14 (supratherapeutic dose) because placebo subjects received moxifloxacin at other time points (day 2 or day 17), which would have distorted the comparison between ozanimod and placebo.
ECG Concentration-Response Analysis. A linear mixedeffect modeling approach was used to quantify the relationship between the plasma concentrations (ozanimod and its active metabolites) and the time-matched, baseline-adjusted change in the QTcF ( QTcF). Plasma drug concentrations were set to 0 for placebo subjects, and drug concentrations that were below the LLOQ of the assay were replaced with half the LLOQ (LLOQ was 4 pg/mL for ozanimod and RP101075, 8 pg/mL for RP101442, and 16 pg/mL for RP101988). Predicted QTcF prolongations at the mean C max values for each dose level, together with their upper (1-sided) 95%CIs, are also presented, based on the same fitted line.
The confidence limits for the predicted prolongations were calculated from the variances derived using the standard linear model approach; ie, the variance of the estimator will be calculated as var(y) = bVbʹ where V is the variance-covariance matrix of the estimated coefficients, b is the vector defining the conditions (eg, the concentration) for which the estimate is required, and var(y) is the variance of the estimate y. If the data showed departure from a linear model (on graphical inspection), a nonlinear model (eg, including quadratic and cubic terms) was considered.
Results
Subject Disposition and Demographics
A total of 124 adult subjects were enrolled and randomized to receive either ozanimod (N = 62) or placebo (N = 62). Of these, 56 ozanimod recipients (90.3%) and 57 placebo recipients (91.9%) completed the study. Reasons for early termination included nonserious adverse events (4 ozanimod, 3 placebo), withdrawal of consent (2 ozanimod, 1 placebo), and noncompliance (1 placebo). More men than women were enrolled (72 men, 52 women). The mean age was 32.0 years, and 71% of the subjects were white. The mean (±SD) weight and body mass index were 71.8 ± 10.9 kg and 25.1 ± 2.4 kg/m 2 , respectively. Demographic and baseline characteristics were similar for the ozanimod and placebo groups.
ECG Primary Analysis
Regression analysis of (ln)QTcF on (ln)RR resulted in a median slope of 0.001, with the 95%CI including 0 (−0.025, 0.021), confirming QTcF as the appropriate end-point variable. The upper bounds of the 2-sided 90%CI for the mean QTcF at the therapeutic and supratherapeutic doses of ozanimod were below the 10-millisecond threshold at all treatment time points ( Figures 3A and 3B ) and had a maximum value QTcF. Analyses were conducted on day 10 for ozanimod 1 mg and on day 14 for ozanimod 2 mg; moxifloxacin analyses were conducted on days 2 and 17. Data shown are point estimates ± 90% confidence intervals. Dashed line indicates the regulatory threshold of 10 milliseconds for ozanimod (A and B) and the assay sensitivity lower bound of 5 milliseconds for moxifloxacin (C).
of 8.15 milliseconds (at hour 2 on the therapeutic dose day). Mean
QTcF ranged from 0.3 to 4.5 milliseconds with the therapeutic dose of ozanimod and from −0.9 to 2.9 milliseconds with the supratherapeutic dose of ozanimod. Assay sensitivity was demonstrated with the positive control moxifloxacin, Data denote the number (%) of subjects with ࣙ1 electrocardiogram reading that exceeded each specified threshold. Placebo group: N = 58 on day 10 and N = 57 on day 14. Ozanimod group: N = 57 on day 10 and N = 56 on day 14. QTcF indicates Fridericia-corrected QT interval.
which caused statistically significant (P < .05) prolongation of QTcF at all time points through 12 hours postdose and produced a maximum QTcF prolongation of 11.1 milliseconds (90%CI: 8.6, 13.7) at 3 hours, and was above the 5-millisecond threshold defined a priori for assay sensitivity ( Figure 3C ).
ECG Categorical Analysis
Categorical analysis was used to determine whether any subjects had clinically significant increases in the QTc interval (Table 1) . At the supratherapeutic dose, 1 subject in each treatment group had QTcF >450 milliseconds. No subject on either dose of ozanimod had QTcF >480 milliseconds. The number of subjects who experienced a postdose change in QTcF >30 milliseconds was low (<9%) and was balanced between the study groups. One placebo-treated subject and no ozanimod-treated subjects had a postdose change in QTcF of >60 milliseconds (Table 1) .
Effect of Ozanimod on HR and Other ECG Variables
Twenty-four-hour cardiac telemetry was used to characterize the effect of ozanimod on HR. Daily mean predose baseline HRs were similar for the study groups (ie, between 59 and 71 bpm throughout all dose-escalation days). The mean hourly HRs during the 24-hour monitoring period on each dose-escalation day are presented in Figure 4 . Mean HR in the ozanimod-treated subjects was consistently lower than that in the placebotreated subjects. On day 1, the maximum difference from placebo in HR was 8.1 bpm and was observed at hour 10. On day 5, the maximum difference in means was 10.2 bpm and was observed at hour 5. The maximal difference from placebo on the therapeutic and supratherapeutic dose-escalation days was 13.8 bpm (observed at hour 5) and 12.0 bpm (observed at hour 5), respectively, indicating that no further reduction in HR was observed when the ozanimod dose was escalated up from 1 mg to 2 mg.
A normal circadian pattern for HR was observed in both study groups, with an increase in HR during the day and a return to baseline at night when subjects were sleeping. The dose-escalation regimen in this study employed a starting dose of 0.25 mg, which appeared to reduce the "first dose" effect on HR on day 1 compared to what was observed in the phase 1 study when higher fixed doses (eg, 1 mg) were administered directly on day 1. In the ozanimod group there was a smaller increase in HR during the day compared to placebo on day 1, and there were smaller differences relative to placebo during the nighttime hours. During the remaining doseescalation period, subjects in the ozanimod group did not experience clinically relevant further decreases in HR after day 1 with dose escalation up to a supratherapeutic dose of 2 mg.
The daily minimum hourly HR generally occurred at night when subjects were sleeping and was similar in both study groups, with mean values for ozanimod subjects on each dose-escalation day being no more than 5 bpm below those for placebo recipients. In a small number of subjects minimum hourly HRs were less than 45 bpm; a similar number of ozanimod and placebo recipients had values in this range ( Table 2) . Only 1 subject had a daily minimum hourly HR of 38 bpm, which occurred in the early hours of the morning, at 21 to 22 hours after the administration of a 2-mg dose of ozanimod on day 11.
No clinically relevant effects on PR or QRS intervals were observed with ozanimod. The PR interval showed both positive and negative point estimates for the difference between ozanimod and placebo, which were never significantly different from 0. For the QRS intervals, the point estimates were never significantly different from 0 on either treatment day, indicating that there is no evidence for any effect of ozanimod on the QRS duration.
Concentration-Response QT Analysis
In a linear mixed-effects model, no relationship was observed between plasma ozanimod concentration and QTcF (slope of 0.0029; not significantly different from 0 [P = .33]) ( Figure 5A ). Similarly, no relationship was observed between plasma concentrations of RP101988 and RP101075 and QTcF (slopes of 0.0020 and 0.0039, respectively) ( Figures 5B and 5C ). The majority of RP101442 concentrations were below the LLOQ; therefore, concentration-response analysis for this metabolite is not meaningful. The upper 1-sided 95%CI of the predicted value of QTcF at the mean C max values for both the therapeutic and supratherapeutic ozanimod dose levels (Table 3 ) are all substantially below the threshold of regulatory interest (10 milliseconds).
Pharmacokinetic Analysis
The mean (SD) concentration-time profiles for ozanimod and the measurable active metabolites are presented in Figure 6 . PK parameters for ozanimod, RP101988, and RP101075 are summarized in Table 4 . Ozanimod and its active metabolites (RP101988 and RP101075) exhibited similar PK properties. Median T max for ozanimod, RP101988, and RP101075 was approximately 6 hours. Dose-proportional increases in exposure measures (area under the concentrationtime curve, C max , and lowest concentration) were observed for ozanimod, RP101988, and RP101075. Mean t 1/2 values for ozanimod, RP101988, and RP101075 ranged from approximately 19 to 22 hours. The PK of RP101442 could not be characterized because the majority of RP101442 samples had concentrations below the LLOQ (8 pg/mL).
Safety and Tolerability
The incidence of treatment-emergent adverse events (TEAEs) was comparable for the ozanimod (48 of 62 subjects; 77.4%) and placebo groups (46 of 62 subjects; 74.2%). All TEAEs were mild or moderate in severity. Among the subjects who experienced TEAEs, most had events that were deemed unrelated to study medication by the investigator (ozanimod, 72.9%; placebo, 76.1%). The number of subjects who discontinued the study due to TEAEs was similar for each group (4 ozanimod subjects [6.5%], 3 placebo subjects [4.8%]). There were no serious TEAEs.
Incidences of the most common TEAEs and cardiac adverse events of special interest are shown in Table 5 . The most common TEAE was site reaction caused by the ECG electrode tape. The incidence of specific TEAEs was similar for the study groups, with the exception of orthostatic hypotension, which occurred in 5 ozanimod subjects (8.1%) and 1 placebo subject (1.6%). All 6 events of orthostatic hypotension occurred from 3 to 6 hours after dosing on days 1 (ozanimod 0.25 mg) or 5 (ozanimod 0.5 mg) and were transient and asymptomatic. Cardiac adverse events of special interest were infrequent and of comparable incidence between the study groups. These included short runs of nonsustained ventricular tachycardia (3 placebo subjects, 2 ozanimod subjects), transient and self-limiting firstdegree AV block (1 ozanimod subject), and transient and self-limiting second-degree AV block, Mobitz type 1 (1 subject in each group). None of these cardiac events was temporally associated with the administration of moxifloxacin.
Other prespecified adverse events of special interest included liver enzyme levels >3 times the upper limit of normal, infection, and decreases in pulmonary function. Few TEAEs of infection or elevated liver enzymes occurred, and they were evenly distributed between the study groups (infection: 3 placebo subjects, 2 ozanimod subjects; elevated liver enzymes: 1 placebo subject, 2 ozanimod subjects). All cases of elevated liver enzymes were detected at follow-up visits that occurred ࣙ14 days after the last dose of study medication. All of these cases were transient and considered by the investigator to be unrelated to study medication. No clinically meaningful results of pulmonary function tests were noted as TEAEs for either group. Most laboratory results remained within reference ranges throughout the study. As expected, based on the mechanism of action of ozanimod, there were decreases in lymphocyte counts in ozanimod-treated subjects with the mean percentage change from baseline of 52.9% at the end of the randomized treatment period (after the 2-mg dose). Lymphocyte counts returned to 85.1% of baseline by the follow-up visit (ࣙ14 days after the last dose of study medication).
Discussion
This was a negative thorough QT/QTc study, demonstrating that ozanimod treatment, in doses of up to 2 mg/day, did not have a clinically relevant effect on cardiac repolarization. The upper bound of the 2-sided 90%CI (or 95% 1-sided confidence limit) of the QTcF was below the 10-millisecond regulatory threshold at all time points for the therapeutic and supratherapeutic doses of ozanimod. These results were confirmed by demonstrating assay sensitivity with the use of moxifloxacin as a positive control. Consistent with the lack of QTc effect, the concentrationresponse analysis showed no effect of ozanimod or its active metabolites (RP101988 and RP101075) on QTcF, with the fitted slopes not differing from 0 and the upper confidence limits of the QTcF at the C max values for both doses being well below 10 milliseconds. Outlier analyses showed that no subset of subjects had potentially clinically significant increases in the QTc interval following ozanimod administration. Although trough PK samples were not collected for steady-state confirmation, it is expected that 4-day dosing (5 × t 1/2 ) of the supratherapeutic dose regimen in this study achieved steady-state concentrations based on the mean t 1/2 values for ozanimod and active metabolites of approximately 20 hours. T max was approximately 6 hours, at which time ECG extractions also were obtained. The C max of ozanimod was 2-fold higher at the supratherapeutic dose (2 mg) than at the therapeutic dose (1 mg). PK results in this study also showed that the active metabolites (RP101988 and RP101075) exhibit PK properties similar to those of ozanimod.
The International Conference on Harmonisation E14 Guidance recommends assessment of QTc prolongation by the study drug at multiples of the anticipated maximum therapeutic exposure to mimic exposure that may occur under circumstances that might augment potential toxicity (eg, drug-food or drug-drug interactions involving metabolic enzymes and drug transporters, or when the patient takes more than the clinical dose prescribed). 25 Ozanimod is being evaluated in ongoing development programs of the 0.5-mg and 1-mg QD regimens. Because the C max of ozanimod at the 2-mg dose in this study was 2-fold higher than at the 1-mg dose, the 2-mg dose is considered appropriate to cover any increased exposure that might occur in a clinical setting. Food (high-or low-fat meals) did not have any effect on ozanimod exposure. 31 Ozanimod is metabolized to form RP101988 and RP101075 via 2 parallel metabolic pathways. Alcohol dehydrogenase and aldehyde dehydrogenase are believed to catalyze a 2-step conversion of ozanimod to RP101988, and cytochrome P450 (CYP) 3A is the primary human enzyme converting ozanimod to RP101075. Ozanimod is a weak substrate of P-glycoprotein (P-gp), whereas RP101988 is a substrate of P-gp and breast cancer resistance protein (BCRP) drug transporters (data on file). Drug-drug interaction studies showed that itraconazole, a strong inhibitor of CYP3A and P-gp, had no effect on ozanimod exposure, whereas cyclosporine, a strong inhibitor of Pgp and BCRP transporters, increased total agonist exposure (sum of ozanimod, RP101988, and RP101075) by approximately 50% (data on file).
In contrast to ozanimod, fingolimod (an approved nonselective S1P receptor modulator) has produced mild but significant prolongation of the QTc interval. 12 Understanding the mechanistic basis of this QT prolongation is important for the development of improved therapeutic agents in the S1P receptor modulator class. In mice, S1P 3 receptors are expressed in cardiac Purkinje fibers, and their activation is associated with blockade of ventricular conduction. Fingolimodinduced cardiac abnormalities are not observed in S1P 3 knockout mice and are reversed in wild-type mice with a selective S1P 3 antagonist. 13 In human TQT studies, results with fingolimod and 2 other S1P receptor-targeting agents in development (ponesimod and siponimod) support a potential relationship between activity at S1P 3R and QT prolongation. In addition to the observation of QT prolongation with the nonselective agonist fingolimod, such prolongation has occurred in a TQT study of ponesimod, which has only modest selectivity for S1P 1R vs S1P 3R (18-fold). 32 Ponesimod prolonged the QT interval at supratherapeutic doses (40 and 100 mg) in healthy volunteers. 20 In contrast, no effect on QT interval was demonstrated with supratherapeutic doses of either siponimod (which has >2500-fold selectivity for S1P 1R vs S1P 3R ) 33, 34 or, in the current study, ozanimod, which has even greater selectivity for S1P 1R vs S1P 3R (>10,000). 1 Transient, dose-dependent decreases in HR have been observed at treatment initiation of S1P receptor modulators in healthy subjects and in patients with multiple sclerosis. It appears that the negative chronotropic effects of S1P receptor agonists in humans are mediated by S1P 1R through activation of G-protein-coupled inwardly rectifying potassium channels on cardiac myocytes, which reduce excitability and decrease firing rate. 16, 33 Receptor desensitization, internalization, and degradation of the cardiac S1P 1R have been proposed to explain the time-related attenuation of heart-rate effects. 1, 17, 33 In a previous phase 1 single-ascendingdose and multiple-ascending-dose study with ozanimod, a mild dose-dependent, first-dose reduction in HR was observed, which was attenuated with an increasing dose-escalation regimen. 21 No further reduction in HR was observed when the ozanimod dose was escalated up from 1 mg to 2 mg in this study, confirming the effectiveness of the dose-escalation regimen employed in this TQT study. Starting dose escalation at 0.25 mg appeared to attenuate first-dose effects on HR on day 1 and during the dose-escalation period when higher doses were administered. Telemetry monitoring in this study was performed to evaluate the heartrate effect on each dose-escalation day to determine whether reduction in HR was attenuated with increasing dose. Drug concentrations and heart-rate data in this study will be combined with those of other studies (with steady-state data) for modeling and simulation. Transient and self-limiting first-and second-degree AV block occurred rarely in the current study and with a similar incidence in the ozanimod and placebo groups.
Conclusions
Results from this TQT study demonstrate that ozanimod does not prolong the QTc interval at therapeutic (1 mg) and supratherapeutic (2 mg) doses. Ozanimod was well tolerated overall, and no apparent safety issues emerged from this study. The incidence of adverse events of special interest, prespecified based on clinical trial results with fingolimod, was similar for ozanimod and placebo. These findings support the continued development of ozanimod for RMS (phase 3 trials: NCT02047734, NCT02294058), moderate to severe ulcerative colitis (phase 3 trial: NCT02435992), and moderate to severe Crohn disease (phase 2 trial: NCT02531113).
